Nest survival is a vital component of breeding success, and affects population dynamics, as the loss of nests is the main cause of reproductive failure in birds ([@zoz024-B50]). Factors influencing nest survival of birds can be classified into 3 groups: 1) factors relating to breeding adults, such as nest constancy ([@zoz024-B9]), body condition ([@zoz024-B61]), age and breeding experience ([@zoz024-B45]), nest defense behaviors ([@zoz024-B65]; [@zoz024-B9]); 2) factors relating to nest predators, such as composition of predator communities, predator abundance ([@zoz024-B12]), activity patterns of predators ([@zoz024-B91]; [@zoz024-B6]); 3) other factors about the environmental conditions, such as nest habitat features ([@zoz024-B15]; [@zoz024-B79]; [@zoz024-B8]; [@zoz024-B24]), weather conditions ([@zoz024-B90]), time-varying factors like nesting season ([@zoz024-B28]) and nest age ([@zoz024-B76]), and the intensity of human disturbance ([@zoz024-B71]; [@zoz024-B89]). These factors can influence nest survival independently, combinedly, or interactively. For example, experienced breeders can nest at more concealed sites to reduce the chance of being discovered by predators ([@zoz024-B61]), inclement weather conditions may affect nest survival directly or indirectly through changing the behaviors of incubating adults and/or predators ([@zoz024-B76]). Identifying species-specific key variables that influence nest survival is vital for conservation and management for bird conservation ([@zoz024-B38]; [@zoz024-B2]), especially for threatened species.

Nest habitat selection has long been considered to be an adaptive behavior conducted by parents to increase nest survival ([@zoz024-B53]; [@zoz024-B88]; [@zoz024-B57]). A common hypothesis invoked to explain patterns in nest habitat selection is the nest concealment hypothesis, which predicts that birds should select more concealed nests and those sites should provide higher reproductive success ([@zoz024-B52]; [@zoz024-B8]). The prediction of nest concealment hypothesis have been verified in a number of species (*Tympanuchus phasianellus*, [@zoz024-B48]; *Bartramia longicauda*, [@zoz024-B71]; *Meleagris gallopavo silvestris*, [@zoz024-B24]). However, in other studies, researchers have failed to find a positive relationship between nest concealment and nest survival ([@zoz024-B20]; [@zoz024-B65]). [@zoz024-B8] reviewed the empirical data on open cup nesting songbirds and found 74% (*n = *106) of studies failed to support the nest concealment hypothesis. [@zoz024-B43] proposed that the lack of congruence between theory-based expectation and empirical data may arise when birds already occupy "adaptive peaks." If all breeding birds already nest at low-predation risk sites, then researchers will not find a relationship between nest microhabitat features and nest survival, despite predation risk may ultimately shape nest habitat selection. In such a circumstance, some other factors might come into play. For instance, if the better concealed nests were built to avoid to be discovered by visual predators (avian predators), the increase of the number of olfactory mammalian predators would incur an elevated proportion of nest failures caused by them ([@zoz024-B17]). Nevertheless, determining whether nests with better concealment have higher a survival rate is still a basic requirement for conservation of many birds.

Another important feature of nest habitat that potentially influence nest survival is habitat fragmentation. Habitat fragmentation could be categorized at 3 spatial scales: landscape scale (amount of habitat, edge, and variation in patch size across a defined spatial scale, e.g., 10 km), patch scale (the size and shape of the habitat patch where nests were located), and edge scale (distance from a nest to a habitat edge) ([@zoz024-B79]). Some studies have reported elevated nest predation rates in fragmented landscapes ([@zoz024-B67]), small habitat remnants ([@zoz024-B75]), and habitat edges ([@zoz024-B40]; [@zoz024-B10]). Researchers have developed many hypotheses to explain the elevated nest predation rates in fragmented habitats. Some of the most common hypotheses are that predators are more abundant and/or more active in fragmented landscapes, small habitat patches, and edges, incurring a reduced nest survival in fragmented habitats than in continuous habitats ([@zoz024-B49]). Despite some evidence of elevated nest failure in fragmented habitats have been found in some studies ([@zoz024-B62]). [@zoz024-B15] reviewed the literatures and found inconsistent results and nest predation rates were more likely to show a positive response to fragmentation when it was measured at the landscape scale than at the finer scales. Furthermore, there is little information on the effects of habitat fragmentation on nesting success of most bird species ([@zoz024-B79]), impeding us to make proper habitat managements to increase nest survival of a variety of birds.

Factors influencing nest survival may also change across nesting season ([@zoz024-B39]; [@zoz024-B95]; [@zoz024-B28]). These factors include nest density, nest concealment, the abundance and behavior of predators, and weather conditions. Nest survival may increase in a linear fashion over the season coincident with increases in vegetation cover for nest concealment ([@zoz024-B81]). Alternatively, nest survival may also decrease linearly if predators develop a search image for nests and increase their hunting effort as nesting season progress due to an elevated nutritional demands for reproduction ([@zoz024-B27]). Nest survival may also be higher in early and late nesting season but lower in mid-season when nest density is usually higher and predators may cue in to nests at this stage ([@zoz024-B59]). Similarly, variables that change with nest age may also affect nest survival. For example, incubating females may leave their nests fewer times as nest age increased, leaving fewer cues about nest locations to nest predators ([@zoz024-B22]), therefore, older nests may have greater survival probabilities than nests in early stages ([@zoz024-B51]). The effects of nesting season and nest age can be confounded if they are synchronized ([@zoz024-B76]). Determining time-specific patterns in nest survival may improve our understanding of predator--prey interactions, evolution of avian life histories, and aspects of population dynamics that are critical to bird conservation ([@zoz024-B28]).

In order to estimate nest survival, investigators need to check the nest status or contents repeatedly in egg-laying and incubation periods. However, researchers have long been concerned about the potentially negative effects of their activities (e.g., nest checks) on nest survival ([@zoz024-B29]; [@zoz024-B25]; [@zoz024-B3]). Investigator activities near/on nests may incur physiological and behavioral responses of incubating birds ([@zoz024-B72]; [@zoz024-B5]), which might result in the incubating birds to reduce nest attendance, leave the eggs unprotected to predators, even desert the eggs ([@zoz024-B7]; [@zoz024-B14]), giving rise to a reduced nest survival rate. Concomitantly, researchers may leave scent and physical trails (trampling on vegetation by foot traffic) when they collecting data near nests ([@zoz024-B33]). Nest predators may be attracted or deterred to these trails ([@zoz024-B60]; [@zoz024-B33]), incurring a reduced or increased probability of nest predation. Therefore, the effects of investigator activity on nest survival depend on the sensitivity of prey and predators to investigators, which may vary across species, time, study sites, even different populations of the same species ([@zoz024-B25]; [@zoz024-B31]). The investigator effect has the potential to create biased results ([@zoz024-B89]) that, in turn, could compromise our understanding of a species ecological and behavioral attributes ([@zoz024-B73]; [@zoz024-B14]). However, most studies did not account for the investigator effects when they estimated nest survival.

The Chinese grouse *Tetrastes sewerzowi*, endemic to China, is distributed in alpine conifer forests at elevations between 2,400 and 4,300 m along the eastern edge of the Tibetan Plateau ([@zoz024-B82]). As a monogamous bird ([@zoz024-B87]), males occupy territories with abundant willows (*Salix* spp.) and other food resources ([@zoz024-B99]), and females pair with males and nest in males' territories ([@zoz024-B84]). Males guard females during the pre-laying and egg-laying periods, when females are actively feeding ([@zoz024-B46]), however, males do not accompany females during incubation ([@zoz024-B83]). Due to the relatively short summer season at high elevations, females do not renest if their nests fail during incubation ([@zoz024-B87]). The population trend of Chinese grouse is decreasing ([@zoz024-B101]), and low-breeding performance has been found to be an important limiting factor for population viability and restoration ([@zoz024-B47]). Nest survival is an important part of breeding performance of Chinese grouse. Determining factors influencing nest survival of Chinese grouse is beneficial to its population restoration and conservation.

Studies that integrate various factors that potentially influence nest survival could provide us important information on nest survival and be helpful to conservation management. Most existing studies examined the effects of some habitat factors (e.g., nest concealment), but omitted the effect of time, which might account for changes among incubation periods ([@zoz024-B33]; [@zoz024-B8]). Here, we examined various habitat and time-varying factors that are potentially important to nest survival of Chinese grouse. More importantly, we examined whether nest checks conducted by investigators was detrimental to nest survival. Specifically, we recorded factors related to nest concealment, distance to forest edge, human disturbance, nesting season, and nest age. Our purposes were 1) describing nest survival of Chinese grouse and 2) identifying the key factors influencing nest daily survival rate (DSR), based on model selection method. Moreover, we 3) estimated the effects of nest checks on DSR by incorporating it into the best supported models. We predicted that DSR would increase with nest concealment, but decrease with distance to forest edge. We also predicted that nest checks would be detrimental to nest survival of Chinese grouse (see [Table 1](#zoz024-T1){ref-type="table"} for predictions for each variable).

###### 

Variables used in analyzing the DSR of Chinese grouse nests and predicted effects at Lianhuashan Nature Reserve, Gansu, China, 2009*--*2012

  Variable           Description                                                       Prediction
  ------------------ ----------------------------------------------------------------- -----------------------------------------------------------------------------------------------------------------------------------------------
  Year               2009, 2010, 2011, and 2012                                        DSR different between years
  Shrub cover        Mid-story concealment of a nest                                   DSR higher when a nest has greater shrub cover
  Grass cover        Lower-story concealment of a nest                                 DSR higher when a nest has greater grass cover
  Nest age           Nest age during monitoring periods                                DSR higher as nest ages, because DSR higher in older nests, because hens will provide less cues and more concentrate on nests in the process.
  Nesting season     Date that at least 1 nest under surveillance (May 19 to July 3)   DSR higher in later incubation periods, because vegetation growth will provide more concealment to nests in late season.
  Distance to edge   Straight distance to forest edge                                  DSR lower for nests near edge
  Nest check         Nest checked by an investigator                                   DSR lower on the day of nest check

Materials and Methods
=====================

Study area
----------

We studied Chinese grouse at Shahetan Station, 2,600 m--3,570 m above sea level, in the core area of the Lianhuashan Nature Reserve in Gansu Province, China (34°40′67″N, 103°30′84″E). The annual precipitation is 650 mm and the mean annual minimum and maximum temperatures are −27.1°C and 34°C, respectively, at an elevation of 2,100 m ([@zoz024-B86]). The study area is fragmented by historical logging and agricultural activities ([@zoz024-B100]). [@zoz024-B86] found that, among the 1,762 forest patches determined from the satellite image within the 12,000 ha study area at Lianhuashan, 1,362 were \<10 ha and only 31 were \>100 ha. The forests are now mainly dominated by uncut and selectively cut mature conifer forests and conifer-deciduous mixed forests, with deciduous forests and shrubs at the forest edges and on sunny slopes. The most common tree species in the study area are spruces (36%, *Picea asperata, P. purpurea*, and *P. wilsonii*), firs (23%, *Abies fargesii*, *A. faxoniana*, and *A. sutchuenensis*), willows (23%), and birches (14%, *Betula utilis*). Potential nest predators of Chinese grouse include Asian badger *Meles leucurus*, dhole *Cuon alpinus*, raccoon dog *Nyctereutes procyonoides*, stone marten *Martes foina*, Siberian weasel *M. sibirica*, sand badger *Arctonyx collaris*, Pallas' cat *Felis manul*, leopard cat *F. bengalensis*, Chinese mountain cat *F. bieti*, and Eurasian lynx *Lynx lynx*. Raptors like the northern goshawk *Accipiter gentilis*, besra *A. virgatus*, Eurasian sparrowhawk *A. nisus*, peregrine falcon *Falco peregrinus*, common kestrel *F. tinnunculus*, saker falcon *F. cherrug*, long-legged buzzard *Buteo rufinus*, Sichuan wood owl *Strix davidi*, boreal owl *Aegolius funereus*, and eagle owl *Bubo bubo* might also prey on incubating hens, and thus cause nest failures. A more detailed description of the study area can be found in [@zoz024-B37], [@zoz024-B87], and [@zoz024-B98].

Field surveys
-------------

During 2009--2012, 68 nests were found by locating radio-tagged females (*n = *14), completely searching males' territories (*n = *30), or receiving reports from local villagers (*n = *24) who occasionally found nests while collecting mushrooms in the forest ([@zoz024-B97]). However, of the 68 nests, the fates of 9 nests were determined on the location day (5 successful and 4 failed), habitat data of 2 nests were not collected (2 successful), and 3 nests failed because of the deployment of nest data loggers (1 nest deserted by the hen, 2 nests were found to be predated by predators the day after the deployment). All of these nests were excluded from further analysis. Thus, we successfully monitored and collected survival and associated data on 54 nests in the breeding seasons of 2009--2012.

We measured the lengths, breadths, and weights of the eggs on the day the nest was located. We checked each nest every 2--5 days from the day of location until the final fate of the nest was determined. To check the status of a nest, we approached the nest until we could see the hen or the eggs in the nest. The distance from the nest during our nest checks varied from 1 to 6 m, depending on the nearby vegetation and topography. We did not touch the hen or the eggs during a nest check. We also caught 26 incubating hens during the last week of incubation to fit radio-transmitter collars to facilitate data collection on brood movement and habitat use after hatching (for detailed capture procedure, see [@zoz024-B97] and [@zoz024-B98]). All hens continued incubation after collars were fitted, and no obvious detrimental effects were observed. We did not evaluate the effects of egg measurement on DSR, which was relatively high in early nest periods, when most eggs were measured. Therefore, we only considered the effects of nest checks in the following analysis.

A nest was considered successful when at least 1 egg hatched, otherwise unsuccessful ([@zoz024-B97]). An egg with shells detached to 2 halves from the middle was considered to be successfully hatched. When a nest was predated, we classified the nest predator categories by inspecting the nest contents. We considered a nest to have been predated by mammals if all eggs disappeared before hatching or egg shells were crushed; or by birds if eggs were not broken at the middle, but had obvious punched marks. Otherwise, the cause of failure was defined as unknown. The identification of nest predators based on nest remains has been criticized, because predation by many predators can result in the same damage pattern (e.g., scratch marks or punctuation marks on eggs and nest material disturbance, [@zoz024-B41]). However, we believed this technique was effective in this study, as we attributed the predator identities to 2 main animal categories (mammalian or avian), instead of species.

The 3 habitat variables we included in model building were percent shrub cover, percent grass cover, and the distance to the forest edge (m). Shrub cover and grass cover would represent nest concealment, whereas distance to forest edge represents edge effects. We considered these 3 variables to be meaningful in determining nest survival of Chinese grouse, based on the literature ([@zoz024-B40]; [@zoz024-B84]; [@zoz024-B66]), where nest site selection or nest survival of 3 forest grouse species (Chinese grouse, hazel grouse *T. bonasia*, and black grouse *Tetrao tetrix*) were found to be related to these 3 habitat variables. We used the line-intercept method ([@zoz024-B13]) to measure percent shrub cover, which measured the overlap of all shrubs between 0.5 and 5 m in height along two 20 m rope transects perpendicularly centered on the nest. We measured percent grass cover every 5 m along these 20 m transects using 20 cm × 20 cm Daubenmire frames ([@zoz024-B19]), and used the mean value of all frames as an index of surrounding grass cover. Lastly, we calculated the straight line distance between each nest and the nearest forest edge using a digital map in ArcGIS 10.2. We measured habitat variables after all nests' fates had been determined in early July.

Statistical analysis
--------------------

We calculated the nest daily survival rate (DSR) of Chinese grouse and estimated the influences of explanatory variables using the nest survival module in Program MARK ([@zoz024-B93]). Compared with the traditional apparent nest survival method (i.e., number of successful nests divided by the total number of nests found) and Mayfield's method (number of failed nests divided by the cumulative number of days that the sampled nests were monitored), which assumed a constant DSR ([@zoz024-B54]; [@zoz024-B55]), Program MARK allow researchers to build models that incorporate temporal variation of DSR and is more appropriate for our analysis ([@zoz024-B22]; [@zoz024-B69]; [@zoz024-B68]).

To evaluate nest DSR, nest age must be determined accurately ([@zoz024-B77]). We determined nest age by considering that eggs were laid every other day with a mean incubation period of 28 days for successful nests ([@zoz024-B87]). For the unsuccessful nests that had been found during incubation, we first calculated the initial egg weight using the formula *W *=* *0.543 × *L* × *B*^2^ (Zhao et al., unpublished data), *W* represents initial egg weight, *L* is egg length, *B* is egg breadth, and 0.543 is the species-specific weight coefficient ([@zoz024-B30]) calculated from fresh eggs. Then we calculated nest age at location day as *Age* = 2.04 + 5.424 (*W* − *W~f~*) (calculated from 22 successfully hatched nests found during 2009--2012, Zhao et al., unpublished data), where *W~f~* was egg weight on the day of location. Using this method, we could estimate nest age of unsuccessful nests accurately (−2 to 4 days of real age, Zhao et al., unpublished data). We standardized nesting season among years by using the earliest date we began recording data on nest survival during any year from 2009 to 2012 as the first day of the nesting season ([@zoz024-B56]; [@zoz024-B68]), and the latest hatching or failure date in any year as the last day of season. Thus, we defined a 46-day nesting season beginning 19 May and ending 3 July. This season comprised 45 daily intervals for which DSR was estimated.

We used a multicollinearity test to calculate generalized variation inflation factors (GVIF) between the 6 independent variables in R ([@zoz024-B64]). If the GVIF value of a variable was larger than 10, there were correlations between this variable and other variables ([@zoz024-B23]; [@zoz024-B58]). The GVIF values of all the 6 independent variables were \<2 ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}), therefore we considered that none of these variables were correlated with each other and included them all in the following analysis.

We employed an information-theoretic method ([@zoz024-B11]) to simultaneously evaluate the relative support of competing models describing DSR and variables of interest ([Table 1](#zoz024-T1){ref-type="table"}). We constructed 10 models *a priori* to represent DSR as functions of hypothesized combinations of biotic and abiotic sources of variation: year, nest age, nesting season, distance to edge, shrub cover, and grass cover. We used the logit link functions in all our candidate models. All of our model development and selection were based on Akaike's information criterion corrected for small samples (AIC~C~, [@zoz024-B1]; [@zoz024-B11]; [@zoz024-B36]). The most parsimonious model with the smallest AIC~C~ value was considered to be the best model. Model weight (*w~i~*) was defined as the probability that the model was the best model and we used it to assess the relative support for each model ([@zoz024-B11]). We examined the effects of nest checks by incorporating it (e.g., a nest was checked on a given day was coded as "1"; otherwise as "0") into the 3 best-supported models (ΔAIC~C~ \< 2, [@zoz024-B11]). If the effect of nest checks was significant, we should find that the AIC~C~ values would decrease at least 2 units when we added nest checks into the best models ([@zoz024-B4]). We also tested whether the effects of nest checks were different among different nesting seasons and nest age by including their interaction terms.

We considered the effects of variables in a model to be meaningful when the 95% confidence intervals of β coefficients did not overlap zero ([@zoz024-B4]). All results were presented as means ± standard error.

Results
=======

In total, 54 nests (980 exposure days) were used in our nest survival analysis ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}), of which 14 failed during incubation, 13 by mammalian predation (93%), and 1 for an unknown reason. Eggs of 8 nests disappeared totally with no eggshells or egg contents left. Partial predation occurred in 7 nests (13%), 5 by mammals, 1 by a bird, and 1 by a human, with an average egg loss of 3.7 ± 0.9 (range 1--7) eggs per nest. Females in 6 of the 7 partially predated nests continued to incubate after partial predation; 1 female deserted her nest after 3 of the 6 eggs disappeared. In the nests where incubation continued, predation occurred during the second half of the incubation period, whereas partial predation in the deserted nest occurred after 10--12 days of incubation (i.e., in first half of the incubation phase).

DSR in the constant model was 0.986 ± 0.0038 and the probability of a nest with a full clutch of 6 eggs surviving the entire 40-day nesting period (12 days for egg laying and 28 days for incubation) was 0.526 ± 0.090. Among the 10 *a priori* models, the 3 best models including nesting season, nest age, and their combination received 92.2% of support (sum of *w~i~*, [Table 2](#zoz024-T2){ref-type="table"}). Timing of incubation in the nesting season (β~Nesting\ season~*=* −0.099 ± 0.039, 95% CI = −0.177 to −0.023) and nest age (β~Nest\ age~ = −0.095 ± 0.041, 95% CI = −0.175 to −0.016) both influenced DSR significantly ([Table 2](#zoz024-T2){ref-type="table"}). Nest concealment (β~Grass\ cover~ = −1.199 ± 1.618, 95% CI = −4.370 to 1.971; β~Shrub\ cover~ = −0.227 ± 1.789, 95% CI = −3.735 to 3.280), distance to edge (β~Distance\ to\ edge~ = 0.00028 ± 0.002, 95% CI = −0.003 to 0.004), and year (β~2010~ = −1.057 ± 1.074, 95% CI = −3.161 to 1.048; β~2011~ = −0.602 ± 1.099, 95% CI = −2.758 to 1.554; β~2012~ = −1.478 ± 1.420, 95% CI = −2.930 to 2.635) did not influence nest survival.

###### 

Models incorporating time and habitat variables influencing nest survival of Chinese grouse at the Lianhuashan Nature Reserve, Gansu, China, during 2009--2012

  Model                                             *K*   ΔAIC~C~   *w~i~*   Deviance
  ------------------------------------------------- ----- --------- -------- ----------
  S(Nesting season)                                 2     0.000     0.459    122.280
  S(Nest age)                                       2     0.969     0.283    123.250
  S(Nest age + Nesting season)                      4     1.885     0.179    122.153
  S(.)                                              1     5.531     0.029    129.820
  S(Grass cover)                                    2     6.710     0.016    128.719
  S(Shrub cover)                                    2     7.230     0.012    129.510
  S(Distance to edge)                               2     7.518     0.011    129.799
  S(Shrub cover + Grass cover)                      3     8.706     0.006    128.974
  S(Grass cover + Shrub cover + Distance to edge)   4     9.754     0.004    128.805
  S(Year)                                           4     10.553    0.002    128.006

Models are ranked from the most supported (ΔAIC~C~ = 0) to the least supported; *K* is the number of parameters. The Akaike's weight (*w~i~*) is the weight of the evidence for model *i*, given the data. Minimum AIC~C~ = 126.293.

The AIC~C~ values of the 3 best models decreased about 6 units when we added nest checks into these models ([Table 3](#zoz024-T3){ref-type="table"}). Nest checks significantly lowered DSR of Chinese grouse (β~Nest\ check~ = −1.153 ± 0.387, 95% CI = −2.086 to −0.236, [Figure 1](#zoz024-F1){ref-type="fig"}). The effect of nest checks varied as nesting season progressed (β~Nest\ check×nesting\ season\ =~ −0.058 ± 0.016, 95% CI = −0.113 to −0.005), but did not change with nest age (β~Nest\ check×nest\ age~ = −0.048 ± 0.015, 95% CI = −0.102 to 0.005).

![Predicted DSR of Chinese grouse nests in relation to nesting season, nest age, and nest checks at Lianhuashan Nature Reserve, Gansu, China, 2009--2012. Black solid line: predicted DSR; Black dashed line: 95% confidence interval of the predicted DSR; Gray solid line: predicted DSR with nest checks, Gray dashed line: 95% confidence interval of the predicted DSR with nest checks. **(A)** DSR to nesting season; **(B)** DSR to nest age.](zoz024f1){#zoz024-F1}

###### 

Results of the best models after incorporating nest checks to describe nest survival of Chinese grouse at the Lianhuashan Nature Reserve, Gansu, China

  Model                                       *K*   AIC~C~    ΔAIC~C~   *w~i~*   Deviance
  ------------------------------------------- ----- --------- --------- -------- ----------
  S(Nest check + Nesting season)              3     120.091   0.000     0.434    114.066
  S(Nest check + Nest age)                    3     121.837   1.746     0.181    115.812
  S(Nest check × Nesting season)              4     122.091   2.001     0.160    114.050
  S(Nest check + Nesting season + Nest age)   4     122.106   2.016     0.159    114.065
  S(Nest check × Nest age)                    4     123.853   3.763     0.066    115.812

*K* is the number of parameters. The Akaike's weight (*w~i~*) is the weight of the evidence for model *i*.

Discussion
==========

For the first time, we estimated nest survival of Chinese grouse and tested the effects of a variety of factors that potentially affected nest survival. Our results indicated that about half nests of Chinese grouse endured the entire egg-laying and incubation periods and were successful (at least 1 chick hatched). Nest predation by mammalian animals was the main cause of nest failure of Chinese grouse, which accounted for 93% of total loss. DSR was not influenced by nest concealment, distance to forest edge, or year. Instead, DSR showed a pattern that varied over time, with decreasing survival probabilities as nests aged and the nesting season progressed. Moreover, nest checks conducted by investigators had a negative effect on DSR.

Based on a maximum likelihood analysis, our results showed the probability was 0.52 for a nest containing 6 eggs surviving through the egg-laying and incubation periods (ca. 40 days). This is lower than the apparent nest survival rate, which is 0.74 in this study (40/54) and 0.63 (34/54) in a previous study conducted at the same study site ([@zoz024-B87]). Apparent nest survival is always higher than real nest survival because it does not account for the bias resulted from that successful nests are more likely to be discovered by investigators than failed nests ([@zoz024-B74]; [@zoz024-B69]). More studies on nest survival of different populations of Chinese grouse at other sites are needed in future.

Predation is the most common cause of nest failure of Chinese grouse. This is in accordance with results on the overwhelming majority of birds species studied to date ([@zoz024-B50]; [@zoz024-B44]). All of the 13 nest predations were due to loss of eggs conducted by mammalian predators. Predation on incubation females were not observed during our study periods. Data from 41 females fitted with radio-transmitters also recorded no deaths caused by predators during incubation ([@zoz024-B98]). Our results were different from a previous study conducted at the same site by [@zoz024-B87], which found the most important causes of nest failures were death of incubating females and egg collection by local villagers. [@zoz024-B87] recorded that 25% of nest failures (5/20) were caused by predation on incubating females and 35% (7/20) of nest failures were due to egg collection by local villagers who collected mushroom and Chinese medicines during the breeding seasons. [@zoz024-B87] study was conducted during 1995--2000, when the forest ground was covered by dense arrow bamboo *Sinarundinaria nitida*. However, the bamboo was flowered and removed by local villages in the first decade of the 21th century. Without the bamboo layer, incubating females might spot the approaching predators earlier and flee before the attacks ([@zoz024-B96]; [@zoz024-B24]). This was supported by the fact that the mean understory cover was only 0.24 in this study ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}), much lower than the mean value of 0.41 (*n = *59) in [@zoz024-B84]. No nest failures were caused by local villagers compared with that 35% nest failures (7/20) were attributed to the egg collection by local villagers in [@zoz024-B87]. This could be explained from 2 aspects. Fewer villagers now rely on collecting mushrooms or Chinese medicines for a living in recent years because of its lower profits compared with going out and working. In another aspect, local villagers may have better environmental and wildlife protection awareness, leaving the eggs and females untouched when they found a nest. In short, our study revealed different causes of nest failures compared with the previous study ([@zoz024-B87]).

We found that Chinese grouse nests with greater concealments did not have higher survival probabilities. This violates the prediction of the nest concealment hypothesis ([@zoz024-B52]; [@zoz024-B8]), which assumed birds should select nest sites with greater cover and thus have higher survival probabilities. In other grouse species, greater cover led to higher nest survival was found in white-tailed ptarmigan *Lagopus leucura* ([@zoz024-B94]), hazel grouse ([@zoz024-B66]), and sharp-tailed grouse *T. phasianellus* ([@zoz024-B12]); in contrast, studies of spruce grouse *Dendragapus canadensis* ([@zoz024-B21]), ruffed grouse *T. umbellus* ([@zoz024-B42]), and rock ptarmigan *L. mutus* ([@zoz024-B18]) found nest cover did not influence nest survival. [@zoz024-B43] proposed that if birds already nest at the low-predation sites, then nest survival would no longer correlate with nest habitat characteristics, even though predation ultimately shaped microhabitat selection (adaptive peak hypothesis). An earlier study also found that, despite Chinese grouse selecting nest sites with greater shrub cover than random sites within males' territories ([@zoz024-B84]), this variable was not different between successful and failed nests. If Chinese grouse's selection of nest microhabitat is in accordance with the "adaptive peak hypothesis," then predators would find a nest by chance and we would not find a positive relationship between nest concealment and nest survival. Another possibility was that nest habitat might be adaptive in some other ways that were not incorporated in our analysis, for example, animals inherently select habitat at multiple spatial scales ([@zoz024-B35]; [@zoz024-B78]; [@zoz024-B99]). If larger scale (e.g., landscape) habitat features were more important ([@zoz024-B78]), that might have hindered us from finding a relationship between DSR and microhabitat variables.

Contrary to our prediction, DSR decreased as the nesting season progressed and nest age increased, inconsistent with most other studies, which found that DSR increased during incubation ([@zoz024-B95]; [@zoz024-B76]; [@zoz024-B9]). Nevertheless, similar results have been observed in several passerine species, such as lark bunting *Calamospiza melanocorys* ([@zoz024-B34]), clay-colored sparrows *Spizella pallida*, and vesper sparrows *Pooecetes gramineus* ([@zoz024-B28]), in which the decreasing DSR was caused by increased off-nest activities of incubating individuals and thus provided cues for predators during the late incubation period. This also occurs in some galliform species, such as greater sage-grouse *Centrocercus urophasianus* and Columbian sharp-tailed grouse *T. p. columbianus*, in which it was suggested that nests provided more cues of their presence to predators as they aged ([@zoz024-B70]). Incubating female Chinese grouse have been found to increase their off--nest bouts as nest aged (Zhao et al. unpublished data). So we might explain our results based on the increased activities or cues left by incubating females in the late incubation period. However, young leaves, grasses, and forbs sprouted as nests aged and the nesting season progressed, which might increase the concealment of nests in the late incubation period. [@zoz024-B17] and [@zoz024-B16] showed that nest habitat characteristics of greater sage-grouse were selected to avoid visual predators, such as avian species, but not olfactory predators, such as mammalian species. Most predations on nests of Chinese grouse were caused by mammalian species after the growth of grass and shrubs increased the nest concealment in the late period of incubation. Thus nest concealment of Chinese grouse may also be selected to avoid avian predators instead of mammalian predators.

Another, not mutually exclusive possibility is that decreased survival through incubation might reflect an additive exposure to risk ([@zoz024-B28]). The longer a nest is active, the more likely it will lose eggs to predation. Cumulating losses of individual eggs will result in a higher rate of nest loss later in incubation ([@zoz024-B28]), which was also supported in our study. Although the partial nest predation rate might be underestimated, because we only counted eggs when females were not at the nest during nest checks, we still observed 7 nests (13%) that had endured partial egg loss. More importantly, 6 of the 7 recorded instances of partial predation happened during the second half of the incubation period and females continued to incubation after partial predation occurred. This demonstrated that the occurrence of partial predation might attribute to an additive effect and incubating females were more tolerance to disruptive predator interference in the late incubation period.

Distance to forest edge did not influence nest survival of Chinese grouse. This is inconsistent with our original expectation that a positive relationship between nest survival probabilities and distance to edge should exist. Patterns of increased nest predation resulting from more abundant nest predators in fragmented habitats than in continuous habitats have been found in many studies ([@zoz024-B80]; [@zoz024-B49]), including black grouse, a similar ground nesting species in conifer forest ([@zoz024-B40]). The incongruence results between these studies and ours might result from that most nests found in this study were in the forest interiors (315.2 m ± 20.7 m, [Supplementary Table S2](#sup1){ref-type="supplementary-material"}). [@zoz024-B62] reviewed the literature and concluded that the edge effect (reduced nest survival near edges) usually occur within 50 m of an edge and increased depredation rates extend farther than 50 m from an edge are less convincing. Moreover, we could not exclude the possibility that fragmentation indeed decreased nest survival of Chinese grouse at larger spatial scales. A review on fragmentation effects on nest survival conducted by [@zoz024-B79] showed that studies that measured fragmentation at landscape scales were more likely to detect effects of fragmentation on nest success than those measured at patch and edge scales. Given the highly fragmented habitat features at Lianhuashan Nature Reserve ([@zoz024-B86]; [@zoz024-B100]) and that habitat fragmentation is a main threat to Chinese grouse across its distribution range ([@zoz024-B82]), it is highly desirable to examine the effects of fragmentation on breeding success of Chinese grouse across different spatial scales.

Our study documented a negative influence of nest checks on DSR, due to increased nest predation. Decreased DSR caused by investigator disturbance has also been found in many species, such as Lewis's woodpecker *Melanerpes lewis* ([@zoz024-B57]), short-tailed shearwaters *Puffinus tenuirostris* ([@zoz024-B14]), and greater sage-grouse ([@zoz024-B26]). Contradictory results have also been found in some other studies ([@zoz024-B92]), including on the lark sparrow *Chondestes grammacus* ([@zoz024-B33]), rock ptarmigan *Lagopusm utus* ([@zoz024-B18]), and common blackbird *Turdus merula* ([@zoz024-B32]). This inconsistency might be due to different predator communities ([@zoz024-B31]), availability of alternative prey ([@zoz024-B6]), nest distribution patterns ([@zoz024-B63]), and other species-specific factors. In our study, mammalian predators were the main cause of nest failures, which might have been attracted by investigators and followed their odors to locate nest sites. The negative effect of nest checks was more pronounced as the nesting season progressed ([Figure 1](#zoz024-F1){ref-type="fig"}). Researchers should balance their activities between obtaining accurate hatching data and reducing nest predation risk caused by nest checks. For example, monitoring nests using infrared video surveillance might be a surrogate for nest checking, if it does not have a detrimental effect; investigators could also alleviate the potential detrimental effects of nest check by increasing the distance to a nest with the aid of a binocular while checking nests. Moreover, a previous study found that no detrimental effects of catching incubating females on nest survival (*n = *26, [@zoz024-B98]). Based on our results, we suggest that catching females on nests may be more detrimental than nest checks because more time has to be spent near nest and investigators have to touch females during the capture process. Therefore, we recommend to catch females before breeding season and catch females on nest by experienced field workers when there is no other choice to reduce disturbance that may potentially affect nest survival.

In summary, our results highlight that the late incubation period is a more vulnerable period than early incubation period for Chinese grouse nests. Moreover, we demonstrated that the current nest check procedure conducted by investigators had negative effects on nest survival, especially during the late period in incubation. Some other research activities, such as egg measurement, which require direct contact with the nests or eggs, should also have a detrimental effect, especially for nests found in the more vulnerable late incubation period. We recommend that researchers should adjust their activities around nests to balance the need of acquiring accurate data and decreasing nest predation risk. Mammalian predators accounted for most of nest failures. However, we still know little about the community compositions of mammalian predators. Future studies should pay more attention to identifying the mammalian predators' identities, predator abundance, and predators' activity patterns throughout the nesting season to provide more detailed information about what management actions should be taken to increase nest survival. In addition, more studies are still needed to improve our understanding of how factors not accounted for in this study affect nest survival of Chinese grouse, such as more detailed estimation on the effects of fragmentation and habitat variables at larger scales and weather conditions.
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